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Abstract.  The study of graphene, since its discovery around 2004, is possibly the largest and fastest 
growing field of research in material science, because of its exotic mechanical, thermal, electronic, 
optical and chemical properties. The studies of graphene have also led to further research in exploring the 
field of two dimensional (2D) systems in general. For instance, a number of other 2D crystals (not based 
on carbon, e.g., boronitrene, silicone, graphane, etc.) have been synthesized or predicted theoretically in 
recent years. Further, theoretical studies have predicted the possibility of other 2D hexagonal crystals of 
Ge, SiC, GeC, AlN, GaN, etc. The properties of these 2D materials are very different from their bulk. We 
shall present the general exotic properties of graphene like 2D systems followed by our computational 
results on the structural and electronic properties of some of them.  
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1. Introduction 
      Graphene [1-4] is a one-atom-thick crystal of sp2-bonded C atoms arranged in a two-dimensional 
(2D) hexagonal lattice as in a single layer of graphite. Thousands/hundreds/few layers of graphene are 
detached from the graphite lead of a pencil (invented in 1656 in England [5]) when we use it to write on a 
paper, a fact that went unnoticed, although graphite has been known to the mankind for centuries.  The 
unambiguous synthesis (by mechanical exfoliation of graphite), identification (by transmission electron 
microscopy (TEM)) and experimental determination of some of the exotic properties of graphene were 
reported first in 2004, by the Manchester group led by Andre Geim and Konstantin S. Novoselov [1], 
who earned Nobel Prize in 2010  for the “groundbreaking experiments regarding the two-dimensional 
material graphene”. The detailed historical background and the status of graphene research as of 
December 2010, are given in the Nobel Lecture of Geim [6] and that of K.S. Novolesov [7], which trace 
the sporadic attempts of graphene-related research back to 1859 by the British chemist Benjamin Brodie 
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[8].  As per Geim [6], Ulrich Hofmann and Hanns-Peter Boehm in 1962 [9] seem to have identified (by 
relative TEM contrasts) the thinnest possible fragments of reduced graphene oxide and some of them 
might be mono-layers of graphene (MLG). The term “graphene” was introduced by Boehm and his 
colleagues in 1986 [10], by joining the term “graph” derived from the word “graphite” with the suffix 
“ene” that refers to polycyclic aromatic hydrocarbons. Now graphene is regarded as the basic building 
block of graphitic materials (i.e. graphite = stacked graphene, fullerenes = wrapped graphene, nanotube = 
rolled graphene, graphene nanoribbon = nano-scale finite area sized rectangular graphene). These 
graphitic materials are classified as the allotropes of graphene (allotropes are different structural 
modifications of an element in the same phase of matter, e.g., different solid forms).   
      Because of its exotic mechanical, thermal, electronic, optical and chemical properties,  such as the 
high carrier mobility, a weak dependence of mobility on carrier concentration and temperature, unusual 
quantum hall effect, hardness exceeding 100 times that of the strongest steel of same thickness and yet 
flexible (graphene can sustain strains more than 20% without breaking, graphene is brittle at certain 
strain limit),  high thermal conductivity comparable to that of diamond and 10 times greater  than that of 
copper, negative coefficient of thermal expansion over a wide range of temperature,  has potentials for 
many novel applications [11-15].   
     The synthesis of graphene was surprising, because the existence of free-standing 2D crystals was 
believed impossible for several years, because they would ultimately turn into three-dimensional (3D) 
objects as predicted by Peierls [16], Landau [17] and Mermin [18]. The atomic displacements due to 
thermal fluctuations may be of the same order of magnitude as the inter-atomic distances, making the 
crystal unstable.  Further, experiments indicate that thin films cannot be synthesized below a certain 
thickness, due to islands formations or even decomposition. Thus the synthesis of graphene [1] put a 
question mark on these predictions [16-18]. However, it was shown  experimentally [19] that free-
standing graphene sheets display spontaneous ripples owing to thermal fluctuations, and therefore real 
graphene is not perfectly flat. 
      The studies of graphene have also led to further research in exploring the field of two dimensional 
(2D) systems in general. Attempts have been made to understand the physics and chemistry of graphene 
on the basis of the ab initio calculations based on the density functional theory which leads to the so-
called mass-less Dirac energy spectrum for electrons in graphene, although most of exotic properties are 
derivable from effective Hamiltonian for  mass-less Dirac electrons, obtainable [12-14] from tight 
binding model. We will focus on our ab initio calculations of the structural and electronic properties of 
graphene in detail, then briefly state the effective Hamiltonian for mass-less Dirac electrons in graphene 
and discuss the linear energy dispersion as obtainable from this effective Hamiltonian as we proceed 
here. The studies of graphene have also led to further research in exploring the field of two dimensional 
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(2D) systems in general. For instance, a number of other 2D crystals (not based on carbon) have been 
synthesized or predicted theoretically in recent years.  Representative samples of other 2D nanocrystals 
which have been synthesized are boronitrene (graphene analogue of BN, the so called “white graphene”, 
because of its color) [2, 20-26], silicene (silicon analog of graphene) [24-25, 27-32], graphane (fully 
hydrogenated graphene: extended 2D hydrocarbon) [33-34], composite structures of graphene and h-BN 
[35-37], ZnO [38-42], MoS2 [2, 7, 27, 43], NbSe2 [2,7,27], Bi2Sr2CaCu2Ox [2,7], etc. On the other hand, 
theoretical studies predict the possibility of other 2D hexagonal crystals of Ge [24, 25, 27, 32, 44-45], 
SiC [24, 25], GeC [24], AlN [24, 26], GaN [24], etc. The properties of some of these 2D materials whose 
electronic properties are significantly different from their bulk properties as revealed either by 
experiments or theory are listed in Table 1.  
 
Table 1.  Electronic properties of some 2D materials compared with their bulk properties 
 
Material 2D 3D 
C Zero gap semiconductor  Semi-metal (graphite); Semicond. (Diamond) 
Si Zero gap semiconductor (PL-Si) Semiconductor 
Narrow gap semicond. (BL-Si) 
Ge Poor metal (PL-Ge) Semiconductor 
Zero gap semiconductor (BL-Ge) 
SiC(hex)  Semicond., direct band gap Semicond., indirect band gap  
MoS2  Semicond., direct band gap  Semicond., indirect band gap 
NbSe2  metal CDW, superconductor 
 
With graphene as our model 2D system, we shall discuss  the structural and electronic properties of some 
other graphene-like 2D systems based on our computational results.   
 
2. Structural and electronic properties of graphene 
      One of the most surprising and interesting properties of graphene is its electronic band structure 
from which the so-called mass-less Dirac energy spectrum for electrons in graphene is derived. 
Elemental C has four valence electrons of which 2 electrons occupy the 2s orbital making it full filled, 
the 2px and the 2py orbitals containing 1electron each are half filled and the 2pz orbital is empty. 
When C atoms come closer to form a crystal, one of the 2s electrons is excited to the 2pz orbital from 
the energy gained from the neighboring nuclei;  this has the net effect of lowering the overall energy 
of the system; interactions or bonding between the 2s and 2p orbitals of neighboring C atoms 
subsequently lead to the formation of new orbitals which are called hybrid orbitals; hybridized bound 
states of C atoms are then formed and due to the existence of multiple types of hybridization in C, 
different allotropes of C are formed as listed in Table 1. In graphene, the 2s and the two of the p 
4 
 
orbitals (2px and 2py) interact covalently to form three sp
2 hybrid orbitals. The interactions of these 
three sp2 orbitals lead to the formation of three -bonds which are the strongest type of covalent bond.  
These strong -bonds are responsible for the great strength and mechanical properties of graphene. 
The electrons forming the -bonds are localized in the plane containing the C atoms in graphene. The 
covalent bonds formed by the 2pz electrons are called the -bonds. The electrons in -bonds are 
weakly bound to the nucleus hence relatively delocalized in a direction perpendicular to the plane 
containing the C atoms in graphene. These delocalized electrons are responsible for the electronic 
properties of graphene. Figure 1 depicts the ball-and-stick model of a typical iso-atomic 2D hexagonal 
crystal such as the graphene in two different configurations; one is planar (PL) and the other one is 
buckled (BL: no longer true 2D).  Figure 2 depicts the view of a typical heterobilayer such as the 
graphene on a planar 2D hexagonal BN in some particular configuration.  
                                                                                     
  (a)  Iso-atomic 2D-hex. Crystal Top view (PL)     (b) Iso-atomic 2D-hex. Crystal Top view (BL)   
                                                              
 (c)  Iso-atomic 2D-hex. Crystal side view (PL)        (d) Iso-atomic 2D-hex. Crystal Top view (BL)  
Figure 1. Ball-and-stick model view of a typical iso-atomic 2D hexagonal crystal in two different 
structures. (a) Top view planar (PL), (b) Top view buckled (BL), (c) side view planar (PL) and (d) 
side view buckled. Buckling parameter  is the perpendicular distance between the two parallel 
planes in which the alternate atoms in a hexagon are positioned, for PL-structure  = 0.   
                                                              
(a) A typical heterobilayer (Top view)              (b) A typical heterobilayer (Side view)  
Figure 2. Ball-stick model view of a typical heterobilayer such as the graphene on 2D hex BN in 
certain configuration (B1): (a) Top view, and (b) Side view.  
5 
 
        Graphene, has a 2D hexagonal lattice with two atoms per unit cell.  A particular choice of the 
primitive lattice vectors may be made as:  a1= a(0.5 3
1/2, 0.5),  a2 = a(0.5 3
1/2, - 0.5)  with  |a1| =|a2|= 
a (the lattice constant of graphene), the angle between a1 and  a2 is 60 . In the lattice coordinates, the 
two C atoms are positioned at the points (0, 0, 0) and (2/3, 1/3, 0) in a planar structure and at the 
positions (0, 0, 0) and (2/3, 1/3, ), in a buckled structure. However,  in the ab initio simulations of 
graphene, the 2D hexagonal structures are simulated using 3D super-cells with a large value of the “c” 
parameter (a3 = (0, 0, c), which ensures negligible interactions between the periodic images and the 
layers are effectively isolated. In this construction the atomic positions in the lattice coordinates are 
(0, 0, 0) and (2/3, 1/3, /c) for a buckled structure,  = 0 for a planar structure. The unit cell of 
graphene has an area |a1 a2|= a
2/2. The carbon-carbon bond length aC-C = a/3
1/2. Once the basis 
vectors of the real lattice are defined, the expression ai bj = 2 ij ( ij = 1 for i = j and ij = 0 for i  j) 
allows us to calculate the reciprocal lattice vectors labeled as bj (j = 1, 2). The angle between b1 and b2 
is 120 . The coordinates of the high symmetry points are   = (0, 0), M = (2 /a)(1/31/2 , 0)  and K =  
(2 /a)(1/31/2 , 1/3). The electronic band structure of graphene can be described by a tight-binding 
model  [56]  which gives the energy of the electrons with wave vector k (= kx, ky) as  
                                         
where 0 is the nearest neighbor hopping energy integral, and a is the lattice constant. The energy 
band dispersion is generally calculated along the perimeter of the triangle formed by these three 
points ,  and  (Figure -3).   
               
Figure 3. Left figure shows the high symmetry points , , and  of the hexagonal Brillouin zone. 
Note that there are six K point and six M points in the hexagonal BZ related by specific translational 
and rotational symmetry.  The two arrows represent two reciprocal lattice vectors b1 and b2. The 
middle figure shows the tight binding energy bands (E in unit of  0 ). The figure in right shows our 
calculated band structures and total density of states (DOS) of graphene. 
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We use the density functional theory (DFT) based full-potential (linearized) augmented plane wave 
plus local orbital (FP+(L)APW+lo) method [46-47]  as implemented in the elk-code [48] for our 
calculations.  All our calculations discussed here are based on local density approximation (LDA) 
[49].  In Figure 4, we depict our investigation of the buckling in graphene (using the energy 
minimization procedure) and the bands and DOS in the vicinity of the K point of the BZ in its ground 
state (T = 0). As seen in Figure 4, minimum energy corresponds to   = 0 and hence graphene has a 
planar structure in its ground state. This result is not in conflict with Landau-Mermin theory of the 
stability of 2D crystals as T = 0 here. The bands touch each other at the Fermi level (EF = 0). The 
Hamiltonian that describes the electronic properties of graphene near the Fermi level can be 
approximated as [13, 55]: H = vF p = ħvF( xkx + yky), where  is a 2D pseudo-spin matrix ( x and 
y are the x- and y-components of the Pauli spin matrices) describing the two sub lattices of the 
honeycomb lattice (pseudospin is an index that indicates on which of the two sub lattices a 
quasiparticles is located [13]), p is the momentum operator and vF  (the Fermi velocity of the charge 
carriers) plays the role of  “c” as in the Dirac Hamiltonian of a mass-less particle. If, A and B are the 
amplitudes of the wave function on sub lattices A and B, then the two component spinor  is 
represented as a column matrix with A and B  as its elements. Hamiltonian H acting on  yields the 
Dirac-like linear dispersion relation E  =  ħkvF (Figure 4). The positive energy and negative energy 
solutions, which correspond to conduction and valence bands respectively, meet at k = 0, implying the 
absence of band gap. Thus the electrons and holes in graphene mimic the mass-less Dirac fermions’ 
behavior. The touching point is called the Dirac point ED in the literature. The charge carriers in 
graphene are called mass-less Dirac fermions and may therefore be described by a 2D analog of the 
Dirac equation for mass-less fermions.  In the tight-binding (TB) study of graphene [12], one has vF = 
(a 03
1/2)/2ħ. The precise value of 0 is difficult to determine analytically; as such, it is often used as a 
fitting parameter to match the ab initio computations or experimental data. Commonly used values for 
0 range from about 2.7 to 3.3 eV. For routine calculations, the extracted value 0 = 3.1 eV from 
experimental measurements of vF  10
6 m/s in graphene is used [54]. In TB calculations, most authors 
use the in-plane lattice constant of graphite a = 2.46 Å as the “a” value for graphene. However, with 
our LDA value of a = 2.445 Å and vF = 0.83 10
6 m/s, our estimated value of 0 is 2.59 eV. Our 
calculated value of the vF is in close agreement with the experimentally observed value of vF = 
0.79 106 m/s in graphene monolayer deposited on graphite substrate [50], (surprisingly) with the 
measured vF = 0.81 10
6 m/s in metallic carbon nano-tube [51] and about 20% less than that measured 
in coupled multi-layers [52-53] and the tight-binding value [12]. The reduction of vF in [50] was 
attributed to the electron-phonon interactions due to strong coupling with the graphite substrate. 
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However, the close agreement of our calculated result of free-standing graphene layer with results of 
[50] suggests a very weak coupling of graphene to the graphite substrate used in [50]. It is to be noted 
that, because of the weak coupling between the individual layers in graphite, extraction of graphene 
layer from graphite is possible by the scotch-tape method.     
                 
Figure 4. Left panel shows our probe of the buckling in graphene in ground state. Right panel shows 
the bands and DOS of graphene close to Fermi level (small value of DOS at Fermi level is due to our 
use of insufficient number of k points in the calculation of DOS).  
3. Electronic properties of some other 2D crystals  
 In the following we will present and briefly discuss our calculated results on the ground state 
structural and electronic properties of some 2D hexagonal materials, viz., Silicene, Germanene, 2D h-
BN and h-AlN,  and Graphene/h-BN hetero-bilayer.   
Silicene: Planar silicene (PL-Si) and Buckled silicene (BL-Si)  
   Table 2. Calculated structural and electronic properties of silicene compared with reported results. 
Silicene a0(Ǻ) (Ǻ) vF(10
5 m/s) m* (me) Eg(meV) Remark 
PL-Si, (assumed) 3.8453  5.0 0.0 0.0 This work (new calc.) 
3.8454   0.0 0.0 Our work [31] 
3.86   0.0 0.0 PAW-pot [27] 
BL-Si 3.8081 0.435 6.0 0.017 25.0 This work (new calc.) 
3.8081 0.44   0.0 Our work [31], erroneous Eg 
3.8100 0.4247   0.0 Pseudo-pot [25] 
3.83 0.44   0.0 PAW-pot [24] 
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Figure 5. Low energy band dispersions at the K point and close to the Fermi level (EF = 0) of PL-Si and 
BL-Si are compared along with their total DOS.  
 
Germanene: Planar germanene (PL-Ge) and Buckled germanene (BL-Ge)  
 
           Table3. Calculated results of PL-Ge and BL-Ge compared with reported results.   
 
Germanene a0(Ǻ) (Ǻ) vF (10
5 m/s) Eg(meV) Remark 
PL-Ge  
(assumed) 
3.999  5.853 Poor metal This work  
4.034   Poor metal PAW-pot [27] 
BL-Ge 3.9421 0.635 5.481 0.0 Our work [44] 
3.97 0.64  0.0 PAW-pot-[24] 
3.9204 0.622  0.0 Pseudo-pot [25] 
 
   
Figure 6. Bands and DOS of PL-Ge and BL-Ge compared; the rightmost panel shows the band 
dispersions of BL-Ge in a finer energy scale close to the Fermi level and at the K point of BZ.  
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2D h-BN and h-AlN   
        Table 1. Calculated structural parameters and energy band gaps of 2D h-BN and AlN listed with the  
                       reported values. 
 
Material a0(Ǻ) (Ǻ) Eg(meV) Remark 
2D h-BN 2.488 0.0 4.606 (KK) Our work [26] 
2.488 0.0 4.613 (KK) Li et. al. [36] 
2.51  4.61   (KK) PAW-pot-[24] 
2.494  5.971 Expt. [23 ] 
2D h-AlN 3.09 0.0 3.037 (K )  Our work [26]  
3.09 0.0 3.08   (K ) PAW-pot-[24] 
                
             
                                  
Figure 7. Determination of buckling parameter  and the band structure plots of 2D h-BN and AlN.  
Graphene/h-BN Hetero-bilayer   
A system of graphene/h-BN heterobilayer can be regarded as the smallest and the thinnest form of BN 
gated graphene field effect-transistor (BN-GFET) that is feasible as per the recent experimental [35] and 
theoretical studies [36, 37]. As per theoretical calculations [36,37], graphene on h-BN monolayer or h-
BN substrate forms stable a bound system in some particular configuration (B1) as shown in Figure 2. 
Recently, we have studied [37] such a bilayer system in detail and examined the effect of biaxial strain 
on this system. Here, we briefly note that graphene on a monolayer of h-BN or a h-BN substrate exhibits 
a band gap more than 50 meV (59 meV as per our LDA result) in a particular configuration (B1, see 
Figure 2) as per theoretical studies [36,37].  However, experimentally no such gap has been observed yet, 
and the absence of gap has been attributed to the misalignment of graphene layer with the BN substrate. 
The question of opening a band gap in graphene/h-BN system is now a technological challenge.  
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However, experimentally graphene/h-BN system shows superior electrical properties comparable to that 
of free standing graphene. There are several factors responsible for this such as the ultra-flat nature of h-
BN substrate, reduced electron-phonon interactions, absence of charge traps as in oxide substrates. 
However, we have found another contributing factor (the Fermi velocity, vF) for the freestanding 
graphene-like properties of graphene/h-BN system, from the band structure calculations of graphene and 
graphene/h-BN hetero-bilayer as shown in Figure 8.   
            
Figure 8. Band structures of graphene/h-BN heterobilayer (C/h-BN-HBL) showing a band gap; 
superimposed band of graphene and C/h-BN HBL (see the rightmost panel) shows both have 
same slopes and hence the same value of vF.        
     
4. Conclusions  
      We have briefly discussed an emerging trend in the study of 2D crystals which reveal interesting 
properties for potential applications. In particular, with graphene as the model system we have discussed 
the structural and electronic properties of some other 2D structural analogues of graphene such as 
silicene, germanene, h-BN, h-AlN and graphene/h-BN hetero-bilayer based on our current theoretical 
studies on these materials and compared our results with the reported ones. This provides us a flavor of 
the emerging new materials and their peculiar properties for potential novel applications. Understanding 
and tailoring the material properties of new and emerging materials at the nano-scale for desired 
applications are of great importance for fabrication and development of new and novel nano-devices.  
Considering that we are at the beginning of a new 2D era of material science, we should be interested for 
an entry into this new field of research, because the chances of success are high when a field is new.  
REFERENCES 
[1].  K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, A. A.  
        Firsov, Science  306, 666  (2004).   
[2].  K. S. Novoselov, D. Jiang, F. Schedin, T. Booth, V. V. Khotkevich, S. V. Morozov, A. K. Geim, Proc. Natl.  
11 
 
        Acad. Sci. USA. 102, 10451 (2005).   
[3].  K. S. Novoselov, A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, A. A. Firsov, Nature  438,  
       197 (2005).  
[4].  Y. Zhang, Y-W. Tan,  H. L. Stormer, P. Kim, Nature  438, 201 (2005).   
[5].  H. Petroski, The  Pencil: A History of Design and Circumstance (New York: Knopf 1989).  
[6].  A. K. Geim, Nobel Lecture: Random walk to graphene, Rev. Mod. Phys. 83, 851(2011).  
[7].  K. S. Novoselov,  Nobel Lecture: Graphene: Materials in the Flatland, Rev. Mod. Phys. 83, 837(2011).  
[8].  B. C. Brodie, Phil. Trans. R. Soc. Lond. 149, 249 (1859).    
[9].  H. P. Boehm, A. Clauss, G. O. Fischer, and U. Hofmann, Z. Anorg. Allg. Chem. 316, 119  (1962).                          
[10].  H. P. Boehm, R. Setton, and E. Stumpp, Carbon 24, 241 (1986).  
[11].  A. K. Geim, and, K. S. Novoselov, Nat. Mater. 6, 183 (2007).  
[12].   A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and, A. K. Geim, Rev. Mod. Phys. 81, 109  
        (2009).  
[13].  A. K. Geim, Science 324, 1530 (2009).  
[14].  D.S.L. Abergel, V. Apalkov, J. Berashevich, K. Ziegler,T. Chakraborty,  Adv. in Phys. 59, 261 (2010).  
[15].  V. Singh, D. Joung, L. Zhai, S. Das, S. I. Khondaker, S. Seal, Prog. in Matter. Sci. 56, 1178  (2011). 
[16]   R. Peierls, Ann. Inst. Henri Poincare  3, 177 (1935).  
[17].  L. D. Landau, Phys. Z. Sowjetunion 11, 26 (1937);  L.D. Landau, E.M. Lifshitz, Statistical Physics, Part I,  
         (Pergamon Press, Oxford, 1980).   
[18].  N. D. Mermin, Phys. Rev. 176, 250 (1968).   
[19].  J. C. Meyer, A. K. Geim, M. I. Katsnelson, K. S. Novoselov, T. J. Booth, S. Roth,  Nature 446, 60 (2007).  
[20].  C. Jin, F. Lin, K. Suenaga, Sumio Iijima, Phys. Rev. Lett. 102,  195505 (2009).  
[21].  L. Song, L. Ci, H. Lu, P. B. Sorokin, C. Jin, J. Ni, A. G. Kvashhnin, D. G. Kvashnin, J. Lou, B.I. Yakobson,  
         P. M. Ajayan,  Nano Lett. 10, 32093215 (2010).  
[22].  A. Nag, K. Raidongia, K. P.S.S. Hembram, R. Datta, U. V.Waghmare, C. N. R. Rao,  ACS Nano 4, 1539  
         (2010).  
[23].  K. Watanabe, T. Taniguchi, and H. Kanda,  Nature Mater. 3, 404 (2004).   
[24].  H. Şahin, S. Cahangirov, M. Topsakal, E. Bekaroglu, E. Aktürk, R.T. Senger, S. Ciraci, Phys. Rev. 
          B 80, 155453 (2009).  
[25]. S. Wang,  J. Phys. Soc. of Jpn. 79,  064602 (2010).   
[26]. H. Behera, G. Mukhopadhyay, Strain tunable band-gaps of two-dimensional hexagonal BN and AlN, To 
        appear in AIP Conf. Proc.  
[27]. S. Lebégue, O. Eriksson, Phys. Rev. B 79, 115409  (2009). 
[28].  A. Kara, C. Léandri, M. E. Dávila, P. De Padova, B. Ealet, H. Oughaddou, B. Aufray, and, G. Le  
            Lay,  J. Supercond. Nov. Magn. 22, 259 (2009). 
[29].  B. Aufray, A. Kara, S. Vizzini, H. Oughaddou, C. L´eandri, B. Ealet, and, G. Le Lay,  Appl. Phys. Lett. 96,  
         183102 (2010).   
12 
 
[30].  P. De Padova, C. Quaresima, B. Olivieri, P. Perfetti,G. Le Lay, Appl. Phys. Lett. 98, 081909  
          (2011).  
[31].  H. Behera and G. Mukhopadhyay,  AIP Conf. Proc. 1313,152  (2010);  arXiv:1111.1282  
[32]. C.-C. Liu, W. Feng, Y. Yao, Phys. Rev. Lett. 107, 076802 (2011).  
[33].  J. O. Sofo, A. S. Chaudhari, G. D. Barber, Phy. Rev.B 75, 153401 (2007).   
[34].  J. D. Jones, K. K. Mahajan, W. H. Williams, P. A. Ecton, Y. Mo, J. M. Perez, Carbon, 48, 2335 (2010).  
[35].  C.R. Dean, A.F. Young, I. Meric, C. Lee, L. Wang, S. Sorgenfrei, K. Watanabe, T. Taniguchi, P. Kim, K.L.  
          Shepard, J. Hone,  Nat. Nanotechnol. 5,  722 (2010); I. Meric, C. Dean, A. Yong, J. Hone, P. Kim, K. L.  
          Shepard, Tech. Degest Int. Electron Devices Meeting, IEDM, 2010, pp-23.2.1-23.2.4.   
[36].  G. Giovannetti, P.A. Khomyakov, G. Brocks, P.J. Kelly, J. van den  Brink, Phys. Rev. B 76, 073103 (2007);  
         J. Li, G. Gui, and J. Zhong, J. Appl. Phys. 104, 094311 (2008);  J . Sławińska, I. Zasada, Z. Klusek, Phys. Rev. B   
        81,  155433 (2010);  Y. Fan, M. Zhao, Z. Wang, X. Zhang, H. Zhang,  Appl. Phys. Lett. 98, 083103 (2011).  
[37].  H. Behera, G. Mukhopadhyay, J. Phys. Chem. Solids, under  review.  
[38]. Tusche, H. L. Meyerheim, J. Kirschner, Phys. Rev. Lett. 99, 026102 (2007).  
[39].  G. Weirrum, G. Barcaro, F. Fortunelli, F. Weber, R. Schennech, S. Surnev, F. Netzer, J. Phys. Chem. C 114,  
         15432 (2010).  
[40]. Z. C. Tu, X. Hu, Phys. Rev. B 74, 035434 (2006).  
[41]. M. Topsakal, S. Cahangirov, E. Bekaroglu, S. Ciraci, Phys. Rev. B 80, 235119 (2009).  
[42]. H. Behera, G. Mukhopadhyay, arXiv:1111.6322  
[43]. B. Radisavvljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Nature Nanotechnol. 6, 147 (2011).  
[44]. H. Behera, G. Mukhopadhyay,  AIP  Conf.Proc. 1349, 823 (2011); arXiv:1111.6333  
[45].  C.-C. Liu, H. Jiang, Y. Yao, Phys. Rev. B 84, 195430 (2011).   
[46].  E. Sjöstedt, L. Nordström, and, D. J. Singh, Solid State Commun., 114, 15  (2000).  
[47]  D. J. Singh, and, L. Nordström, Planewaves, Pseudopotentials, and the LAPW Method, 2nd Ed. (Springer, 
N.Y., 2006).  
[48]. Elk is an open source code available at: http://elk.sourceforge.net/  
[49]. J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048 (1981).  
[50]. G. Li, A. Luican, and, E. Y. Andrei, Phys. Rev. Lett. 102, 176804 (2009).  
[51]. W. Liang, M. Bockrath, D. Bozovic, J. H. Hafner, M. Tinkham, and, H. Park, Nature 411, 665 (2001).  
[52]  G. Li, and E.Y. Andrei, Nature Phys. 3, 623 (2007).  
[53]  D. L. Miller, K.D. Kubista, G. M. Rutter, M. Ruan, W.A. der Heer, P. N. First, J. A. Stroscio, Science  
         324, 924 (2009).  
[54]. R. S. Deacon, K.-C. Chuang, R. J. Nicholas, K. S. Novoselov, and A. K. Geim, Phy. Rev. B 76, 081406  
         (2007).   
[55].  J. B. OOstinga, H. B. Heersche, X. Liu, A. F. Morpurgo, L. M. K. Vandersypen, Nature Mater. 7,  
          151 (2008). 
[56]. P.R. Wallace, Phys. Rev. 71: 622 (1947). 
